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FINITE ELEMENT ANALYSIS OF 
DYNAMIC FLAPPER VALVE STRESSES 
James R. Lenz 
Tecumseh Products Company 
Research Laboratory 
3869 Research Park Drive 
Ann Arbor, MI 48108 
ABSTRACT 
A numerical method is presented for computing the time varying stresses in a compressor flapper valve 
during operation. The valve geometry and boundary conditions are completely described via a finite 
element model as is commonly produced by commercial finite element software. Mass and stiffness 
matrices are assembled into a second order system which is then solved by a direct numerical integration in 
a time step fashion along with mechanism and thermodynamic equations. Boundary conditions are allowed 
to change as the valve contacts the valve seat and stop. 
INTRODUCTION 
There is no substitute for endurance testing to verify a new flapper valve design. However, endurance 
testing is very time consuming. The purpose of a valve simulation is to shorten the development time by 
estimating the operating stresses quickly and eliminating poor designs early. Furthermore, going through 
the analysis process invariably leads to a better understanding of the physics of the problem. 
Early valve simulations were limited by the computers they had to run on. In the early 80's a typical mini-
computer had 32 Kbytes of memory with a clock speed less than 1 MHz. The operating system had to fit 
on 6 Mbytes of disk. Today, each engineer's personal computer can easily have 500 times the clock speed, 
and 1000 times the memory and disk storage. Early finite element based valve simulations1• 2 took 
advantage of Guyan reduction techniques to reduce the degrees of freedom in the dynamic analysis. This 
required the user to manually select master nodes. Stop heights and port areas needed to be added by hand 
at each master node. This was a tedious and error prone process because commercial finite element pre-
processors did not support this directly. Displacements as a function of time were only solved for at the 
master nodes. In order to extract stress information from the master node displacement results, a static 
solution of the full finite element system was then required at each time step. Even then, the stress contour 
plots sometimes showed stress concentrations at the master nodes. The analyst had to decide if these were 
spurious or real. 
This paper describes a new valve simulation that does away with the concept of master nodes. All 
geometry for the valve, valve stop, and port can be described using commercial finite element pre-
processors. Stop heights are specified with the otherwise unused z-coordinate. Port geometry is specified 
via element pressure loading on elements that are over the port. 
MATHEMATICAL MODELS 
Equations of Motion 
The equations of motion for a structural finite element system can be written 
MiJ -t-CU + KU = R 
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where M , C ,and K are the global mass, damping, and stiffness matrices; R is the global load vector; 
and U , iJ , and U are the displacement, velocity and acceleration vectors of the system. 
The element used here is a 3-node, 6-degree of freedom (DOF) per node triangular high precision plate 
bending elemene. Each node has the following degrees of freedom. 
(2) 
It differs from the standard shell elements in the choice of the six DOF' s. The standard 3-node shell 
element has three displacements and three rotations for each node. In the high precision plate-bending 
element used here, the two in-plane displacements and the normal rotation have been replaced by three 
second-order derivatives. Table 1 summarizes the DOF's that need to be constrained for the various 
boundary conditions encountered in flapper valve work. 
Table 1: Nodal Degrees of Freedom and Boundary Conditions for Valve Elements 
O=unconstrained 1 =constrained 
DOF number-> 1 2 3 4 5 6 
dw dW d2w d2W d2w 
- -
-- --w dX dy dx2 dxdy dy2 
Boundary Condition 
Pinned along a vertical edge 1 0 1 0 0 1 
Pinned along a horizontal edge 1 1 0 1 0 0 
Symmetric about a vertical edge 0 1 0 0 1 0 
Symmetric about a horizontal edge 0 0 1 0 1 0 
Clamped along a vertical edge 1 1 1 0 1 1 
Clamped along_ a horizontal edge 1 1 1 1 1 0 
Element mass and stiffness matrices are derived in Reference 3. Reference 3 also details the derivation of 
the element load vector due to pressure. The element mass and stiffness matrices are assembled into global 
mass and stiffness according to standard finite element procedures4• In a similar fashion the element load 
vectors due to unit pressure loading (i.e. pressure = 1) are assembled into a global load vector due to unit 
pressure for elements that are subject to pressure. A simplification is possible here because there will only 
be one pressure value applied. We obtain the global load vector due to actual pressure by simply 
multiplying the global load vector for unit pressure times the actual pressure. 
Assuming Rayleigh damping4, we obtain the damping matrix C as a linear combination of the mass and 
stiffness matrices. 
(3) 
We take advantage of this relationship and compute the members of C as we need them and avoid storing 
the whole matrix in memory. The weighting factors~ and P can be estimated from knowledge of the 
modal damping ratios and how they vary with frequency. 
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The system of equations for the whole model ( 1) has unknowns in the displacement vector U and 
unknowns in the forcing vector R . Unknowns in the forcing vector correspond to constrained degrees of 
freedom and will be called reactions from here on. The system (1) can be partitioned as follows 




System (5) becomes the constrained system of equations that need solving. Vector Q represents the cross 
effect of the known displacements U b on the unknown displacements U a. These arise in the valve 
simulation whenever a node displacement is constrained to a non-zero value by a valve stop. Note that Q 
vanishes when the known displacements are all zero. After solving (5), the reactions at the constrained 
nodes are then found directly from 
These reactions are important when deciding whether or not a node should still be constrained by the valve 
stop or valve plate. This is discussed below. 
Solution Scheme 
The system of equations (5) are solved at discreet times t using a direct integration method known as the 
Newmark method (reference 4 section 8.2.4). 
In this method, the displacement solution at time t + At is found by solving the following system of linear 
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Parameters a and 0 can be varied to obtain optimum integration accuracy and stability. Newmark 
originally proposed as an unconditionally stable scheme the values4: 
a=i; li=t 
After solution of (8), the velocity vector U t+at and the acceleration vector U t+at are found from 
(11) 
(12) 






where G = E 1(2(1 + v)) is the shear modulus, D = Et 3 /(12(1 + v 2 )) is the flexural rigidity, E is the 
elastic modulus, v is the Poisson's ratio, and t is the material thickness. 
The Contact Problem 
Flapper valves in compressors typically have devices that limit their motion when they are opening. 
Suction valves, for example, may have a tip stop to prevent them from opening too far. Discharge valves 
typically have some form of retainer or backer. We will call these devices valve stops. The thing that the 
valves seal against, which we call the valve plate, also limits the motion of valves when the valves are 
closing. In this program we use changing constraints to model the interaction of the nodes on a valve with 
the valve stop and valve plate. 
At the end of every time step, the z-displacement result at each node is checked to see if it has gone in 
violation of either the stop or the plate. If it has, linear interpolation is done to determine at what point in 
time the violation occurred. The event is added to a database of all such occurrences. Likewise, the nodal 
reaction is computed at each node that is already constrained by the stop or plate. If the reaction is in a 
direction such that the node wants to move away from the stop or plate, the time is computed using linear 
interpolation, and the event is logged as a violation in the database. After every node is checked, the 
database is sorted by violation time and the smallest time is selected. The dynamic solution is conceptually 
rolled back to that point using linear interpolation and any node that went into violation at that point in time 
has its constraints changed accordingly. A node with a displacement violation is constrained, and a node 
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with a reaction violation will have its constraint removed. A coefficient of restitution of zero is assumed so 
velocities and accelerations of nodes with changing constraints are zeroed. The simulation is then 
incremented forward from this new point in time. As a practical matter, the motion simulation of the valve 
is kept in sync with the mechanism and flow simulation by reducing the next time step so that the 
subsequent increment of the Newmark algorithm will end at the same time it would have if there were no 
violation. A inner loop is formed around the Newmark algorithm and constraint changing logic. This inner 
loop is not exited until no further subdivision of the time step is needed to accommodate a changing 
constraint. The mechanism and flow simulations are then incremented. 
Thus the time step used in the Newmark algorithm is subject to change. This means that K and R need 
to be routinely re-constructed based on the current Ill . For this reason, little can be gained by using any 
factorization technique, like LDL or Choleski decomposition, for the solution of system (8) 
RESULTS 
Figures 2 and 3 show results of a simulation of a proposed suction valve. Figure 1 shows the finite element 
mesh of the valve. Motion of a node that is hitting the tip stop is shown in Figure 2. Figure 3 shows the 
stress contours at the point in the cycle of maximum valve stress. 
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Figure 1: Suction Valve Finite Element Mesh 
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Figure 2: Displacement of a node hitting the tip stop 
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Figure 3. Stress contours at point of peak stress 
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